Discoveries of intrinsic two-dimensional (2D) ferromagnetism in van der Waals (vdW) crystals provide an interesting arena for studying fundamental 2D magnetism and devices that employ localized spins [1] [2] [3] [4] . However, an exfoliable vdW material that exhibits intrinsic 2D itinerant magnetism remains elusive. Here we demonstrate that Fe 3 GeTe 2 (FGT), an exfoliable vdW magnet, exhibits robust 2D ferromagnetism with strong perpendicular anisotropy when thinned down to a monolayer. Layer-number-dependent studies reveal a crossover from 3D to 2D Ising ferromagnetism for thicknesses less than 4 nm (five layers), accompanied by a fast drop of the Curie temperature (T C ) from 207 K to 130 K in the monolayer. For FGT flakes thicker than ~15 nm, a distinct magnetic behaviour emerges in an intermediate temperature range, which we show is due to the formation of labyrinthine domain patterns. Our work introduces an atomically thin ferromagnetic metal that could be useful for the study of controllable 2D itinerant ferromagnetism and for engineering spintronic vdW heterostructures 5 . Itinerant magnetism in metallic thin films has been investigated extensively for decades 6, 7 , including at the monolayer limit 6 . Such films serve as a testbed for the study of different aspects of 2D magnetism, for example, the critical behaviour and dimensional crossover of magnetic ordering 7 , and are also important for technical applications, such as in memory devices 8 . The ultrathin films are typically prepared by molecular beam epitaxial (MBE) growth, and the magnetic behaviour is highly sensitive to the substrate surface and the resulting interface. Although this sensitivity imposes challenges in materials synthesis, it provides a method to engineer the magnetic properties of the film for magnetoelectronic applications that utilize exchange bias, giant/tunnelling magnetoresistance and spin torque 6, 9 . Recently, the mechanical exfoliation of layered vdW crystals has emerged as a useful approach for realizing atomically thin insulating magnets and magnetic heterostructures. Although metallic ferromagnetism in vdW materials has been observed in MBE-grown monolayer VSe 2 (ref. 4 ), no metallic ferromagnet that is exfoliable down to the monolayer limit has been demonstrated. One promising candidate is FGT (Fig. 1a) .
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Itinerant magnetism in metallic thin films has been investigated extensively for decades 6, 7 , including at the monolayer limit 6 . Such films serve as a testbed for the study of different aspects of 2D magnetism, for example, the critical behaviour and dimensional crossover of magnetic ordering 7 , and are also important for technical applications, such as in memory devices 8 . The ultrathin films are typically prepared by molecular beam epitaxial (MBE) growth, and the magnetic behaviour is highly sensitive to the substrate surface and the resulting interface. Although this sensitivity imposes challenges in materials synthesis, it provides a method to engineer the magnetic properties of the film for magnetoelectronic applications that utilize exchange bias, giant/tunnelling magnetoresistance and spin torque 6, 9 . Recently, the mechanical exfoliation of layered vdW crystals has emerged as a useful approach for realizing atomically thin insulating magnets and magnetic heterostructures. Although metallic ferromagnetism in vdW materials has been observed in MBE-grown monolayer VSe 2 (ref. 4 ), no metallic ferromagnet that is exfoliable down to the monolayer limit has been demonstrated. One promising candidate is FGT (Fig. 1a) .
Bulk crystalline FGT is an itinerant vdW ferromagnet with a reasonably high T C of about 220-230 K (refs [10] [11] [12] [13] [14] ). In addition to a large out-of-plane anisotropy 12 , evidence for strong electron correlation effects 15 and Kondo lattice physics 16 has been seen recently.
Encouragingly, first-principles calculations indicate that the large perpendicular magnetic anisotropy will persist down to a monolayer 17 , which supports the possibility of sustaining long-range magnetic order in the 2D limit 18 . In fact, anomalous Hall effect (AHE) measurements on epitaxially grown FGT thin films 13 have revealed only a slight reduction of T C from that of the bulk, which further supports the likelihood of anisotropy-stabilized long-range ferromagnetic order in ultrathin FGT flakes.
In this work, FGT flakes down to the monolayer limit were prepared by mechanical exfoliation from bulk crystals. The magnetic order was probed with both magnetotransport and Kerr rotation measurements. For the former, we cleaved FGT bulk crystals onto 285 nm SiO 2 /Si substrates and patterned the resulting exfoliated thin flakes into Hall bars using electron beam lithography (Methods). Atomic force microscopy (AFM) measurements on a stepped FGT flake showed the layer step height to be ~0.8 nm (Fig. 1b) , consistent with X-ray diffraction measurements 12 . The thinnest flake we could obtain by exfoliation onto SiO 2 /Si was 4.8 nm, that is, six layers. For even thinner samples, we cleaved FGT bulk crystals onto a gold film evaporated on top of SiO 2 /Si. As has been demonstrated with other materials, which include MoS 2 (refs [19] [20] [21] ) and Bi 2 Te 3 (ref. 19 ), the gold substrate gives an increased yield of atomically thin flakes. However, the magnetic order in such samples can only be characterized by optical methods. Regardless, there is only a small difference in the magnetic response for FGT flakes thicker than 4 nm exfoliated on the two different substrates.
We first examine the magnetic properties of FGT thin flakes through magnetotransport measurements. Figure 1c shows the temperature-dependent longitudinal resistance, R xx -T, of a representative 12 nm FGT Hall bar device (optical micrograph in upper-left inset). At ~210 K, the kinks in both R xx and its first temperature derivative (lower-right inset) are characteristic of the established phase transition from paramagnetism to ferromagnetism. The Hall resistance, R xy (Fig. 1d) shows rectangular hysteresis loops with near-vertical jumps at low temperatures as a function of external magnetic field, μ o H, applied perpendicular to the sample plane, with the coercive field reaching 1 T at 2 K. This indicates the domination of the AHE with a single magnetic domain over the entire flake. Together with the large remanent R xy at zero field, these are hallmarks of ferromagnetism with strong out-of-plane anisotropy. The remanent R xy and coercive field vanishes at around 210 K, consistent with the kinks in for additional magnetotransport measurements). These transport measurements show that the itinerant ferromagnetism exhibited in bulk crystals [10] [11] [12] and in MBE grown samples 13 persists in thin exfoliated FGT flakes.
To study truly 2D itinerant ferromagnetism, we investigated FGT flakes down to the monolayer limit on the gold substrates ( Supplementary Fig. 2 contains optical and AFM images). We employed both polar reflective magnetic circular dichroism (RMCD) and the magneto-optical Kerr effect (MOKE) microscopy to examine the out-of-plane magnetic order (Methods). The magnetic field was applied perpendicular to the sample and the excitation laser was a 1 µ W 633 nm HeNe laser with a spot size of 3 µ m. Figure 2a shows the RMCD signal of a monolayer (false-colour optical micrograph in the inset) as µ o H was swept between -0.2 and 0.2 T at 78 K. Notably, ferromagnetism persists, as evidenced by the prominent hysteresis seen here. A spatial map of the RMCD intensity at 0.2 T (Fig. 2b ) also reveals the magnetization to be uniform across the entire monolayer flake. Figure 2c shows RMCD measurements as a function of magnetic field for several fixed temperatures. As the temperature increases, the hysteresis loop shrinks, disappearing at about 130 K. The same behaviour was observed for all four monolayers measured and implies that T C , the temperature at which the ferromagnetic phase transitions to the paramagnetic phase, is about 130 K for monolayers. The T C can also be extracted from a temperature dependence of the remanent RMCD signal (blue circles in Fig. 3 ). The onset of magnetization in the monolayer flake clearly occurs at around 130 K, a substantial decrease from the bulk value, but nevertheless significantly higher than that the transition temperatures seen in exfoliated ferromagnetic monolayers of CrI 3 (45 K) (ref. ). On FGT flakes of up to five layers, the dependence of T C on number of layers is consistent with a dimensional crossover that takes place between the atomically thin limit and the bulk crystal. In Fig. 3 , we compare the temperature dependence of the remanent RMCD signal for monolayer (blue), bilayer (dark green), trilayer (grey), four-layer (orange) and five-layer (red) flakes. For four and five layers, the T C is only slightly below the 3D value of around 220 K. In contrast, for fewer layers, the T C sharply declines, dropping to 180 K in the bilayer and 130 K in the monolayer. This behaviour resembles the thickness-dependent T C associated with dimensional crossover observed in ultrathin magnetic metal systems 7, 22 . Such a crossover can be confirmed by finding the critical exponent, β, associated with the temperature dependence of the magnetization 7, 22, 23 . For each sample, we fitted the remanent RMCD signal to the critical power-law form (1 − T/T C ) β using β and T C as two simultaneous fitting parameters. The values of β obtained are plotted versus thickness in the inset to Fig. 3 , which includes results from thicker flakes up to 18 nm (Supplementary Fig. 3 ). (Note that in these ultrathin flakes there is usually only a single magnetic ) and 0.25 (ref.
11
) reported for bulk crystalline FGT, and the 3D Ising value of 0.33. For thinner flakes, β falls to 0.2 ± 0.02 in five-to bilayer flakes, and to 0.14 ± 0.02 in the monolayer, consistent with β = 0.125 for the 2D Ising model.
In the few-layer samples, the deviation from the 3D Ising exponent could be due to the finite sample size 7, 25 , limitations on temperature control (about ± 1 K in our experiment) and that the fits are performed over a relatively wide temperature range that exceeds the width of the critical region. A crossover from 3D to 2D critical behaviour should also occur as a function of reduced temperature on a scale set by the sample thickness, which makes fitting to a single power law invalid. Nevertheless, the substantial reduction of β to the 2D Ising value and the accompanying large drop in T C , combined with the large out-of-plane anisotropy, altogether indicate that FGT monolayers are truly 2D itinerant ferromagnets.
The atomically thin flakes discussed so far exhibited rectangular hysteresis loops, indicative of single-domain, highly anisotropic outof-plane ferromagnetic ordering. However, for thicker FGT flakes, the hysteresis behaviour changes notably. Figure 4a ,b compares magnetic field sweeps at the same fixed temperatures for a 3.2 nm (four-layer) flake and a 48 nm flake. (Supplementary Section 4 gives the measurements for other thicknesses). The 3.2 nm flake exhibits a rectangular hysteresis loop at all temperatures below T C = 204 K, whereas above T C the hysteresis and remanent RMCD signal vanish. In contrast, the hysteresis loop of the 48 nm FGT flake is only rectangular below 185 K, whereas paramagnetism sets in, with vanishing hysteresis, above T C ≈ 210 K. However, within an intermediate temperature range (185-210 K), the hysteresis loops differ from that of either state. When the field is swept upwards, starting at − 1 T, the RMCD signal suddenly jumps from the saturation value to an intermediate level at a certain magnetic field B in (the grey arrow in Fig. 4b indicates an example) . The RMCD then changes roughly linearly, passes through zero at zero field and finally saturates at a high positive field. The time-reversed process does the opposite, as expected. As temperature increases, the magnitude of B in increases until it merges with the saturation field at T C . AHE measurements show exactly the same behaviour ( Supplementary Fig. 5) .
A possible explanation for this behaviour is the formation of domain structures that are unresolvable through our optical measurements. Bulk crystal FGT exhibits stripy and bubble-like domains 14, 26, 27 . However, Co/Pt multilayer films with low disorder 28 show similar hysteresis loops to those in Fig. 4b , known to be due to the formation of labyrinthine magnetic domains. Theoretical calculations for these magnetic films reproduced the experimental results remarkably well, accurately predicting the domain size for a given film thickness and the critical thickness at which the domains appear 29, 30 . The striking similarities to our observations suggest that labyrinthine domains are involved.
To confirm this, we performed magnetic force microscopy (MFM) on a ~340 nm thick flake at several fixed magnetic fields (Supplementary Fig. 6 ). Figure 4c shows the MFM image at zero magnetic field and 170 K, which clearly reveal the labyrinthine domains that appear suddenly when the field is reduced through |B in | (Supplementary Fig. 6d) . A line cut along the white dashed line in Fig. 4c shows domain widths of ~200 nm (Fig. 4d) . We deduced that the RMCD signal, with a beam spot size of ~3 µ m, averages over the out-of-plane magnetization contributions from many domains. The behaviour in Fig. 4b is therefore due to the appearance of domains at |B in | followed by their gradual evolution, which gives a steady rate of net magnetization change, until the saturation field is reached and the sample returns to a uniform magnetization state. The similarity with the Co/Pt multilayer films further supports the conclusion that FGT is a low-disorder metal with out-of-plane ferromagnetism 28 . Figure 4e is a thickness-temperature phase diagram for the three distinct magnetic states-paramagnetic, single-domain ferromagnetic and labyrinthine-domain ferromagnet, compiled from Letters Nature Materials all samples of different thicknesses. Below ~15 nm, there is only a ferromagnetic to paramagnetic transition at a single temperature T C . Above the same thickness, labyrinthine domains occur in a temperature range from T c1 (lower) to T c2 (upper). According to the modelling 30 , this temperature-driven magnetic domain formation implies a decrease in the ratio of the strength of out-of-plane anisotropy to that of exchange interactions as the temperature increases.
In summary, the vdW layered magnet FGT provides a model system for layered itinerant ferromagnetism as it shows various layer-number dependent magnetic phenomena. Monolayers of FGT exhibit a true 2D Ising ferromagnetism and could potentially be electrically gated to allow tuning of the magnetic properties. FGT could also be employed for ferromagnetic contacts to inject spins to other 2D materials, such as topological insulators, 2D valley semiconductors and 2D superconductors, for the creation and investigation of emerging physical phenomena and heterostructure spintronics.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41563-018-0149-7. The detuning frequency from the AFM tip frequency, δ f, is proportional to the out-of-plane stray field gradient. e, Compiled thickness-temperature phase diagram. Here PM denotes the region in which the flake is paramagnetic, FM1 that in which it is ferromagnetic with a single-domain and FM2 that in which the flake exhibits labyrinthine domains. The error bars are the uncertainties in determining the transition temperatures, T C , T c1 and T c2 , based on the temperature-dependent RMCD or AHE measurements of each flake thickness. The red dashed line denotes the critical thickness at which the dimensional crossover occurs. The text describes the phase diagram in more detail.
